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SEL F-HEAT I N G  OF CARBONACEOUS MATERIALS 

F. L. Shea, Jr., and H. L. Hsu 

Great Lakes Research Corporation 

El izabe th ton ,  Tennessee 

INTRODUCTION 

For q u i t e  a f e w  y e a r s ,  Great Lakes Carbon Corporation has 

produced semi-calcined petroleum coke on a commercial s c a l e ,  

This  coke is c a l c i n e d  t o  a maximum temperature of about 1600'F. 

For many years  prev ious  t o  t h i s ,  both raw petroleum coke and 

f u l l y  ca lc ined  petroleum coke were handled i n  q u a n t i t y  and 

e s s e n t i a l l y  no d i f f i c u l t y  was encountered with spontaneous 

combustion, However, experience has demonstrated t h a t  semi- 

c a l c i n e d  coke is much more l i a b l e  t o  spontaneous combustion 

and s p e c i a l  p r e c a u t i o n s  are necessary i n  handling t h i s  m a t e r i a l .  

The present  i n v e s t i g a t i o n  was undertaken i n  connection with t h i s  

phenomena. 

Because o f  t h e  importance o f  spontaneous combustion, p a r t i c -  

u l a r l y  with r e s p e c t  t o  t h e  s t o r a g e  o f  c e r t a i n  c o a l s  and l i g n i t e s ,  

q u i t e  a number of i n v e s t i g a t i o n s  have been conducted. There were 

a number of i n v e s t i g a t o r s  who worked e a r l y  i n  t h i s  century.  

t h e  e a r l i e s t  workers t o  s tudy  t h e  s e l f - h e a t i n g  of c o a l  under 

a d i a b a t i c  c o n d i t i o n s  were Davis and Byrne(l) .  

Among 

In t h e i r  i n v e s t i -  

g a t i o n  t h e  sample w a s  charged t o  a vacuum i n s u l a t e d  conta iner  

which was surrounded by an o i l  ba th  c o n t r o l l e d  t o  fo l low t h e  

temperature of t h e  sample under t e s t .  A l l  of t h e i r  i n v e s t i g a t i o n s  
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coa l .  H e  po in ted  o u t  t h e  d i f f e r e n c e  between i g n i t i o n  temperature 

l and l i a b i l i t y  t o  spontaneous combustion which a r e  o f t e n  confused. 

1 I g n i t i o n  temperature i s  the  temperature a t  which i g n i t i o n  takes  

d 

t i o n s ,  L i a b i l i t y  t o  spontaneous combustion is  a p rope r ty  possessed 

by a substance o f  hea t ing  spontaneously t o  t h e  i g n i t i o n  temperature 

whereupon combustion ensues. A low i g n i t i o n  tempera ture  is not 

t h e  primary cause of spontaneous combustion. The q u a n t i t a t i v e  

work conducted by Rosin r equ i r ed  r a t h e r  l a r g e  samples o f  coke - 
I approximately 2 4  pounds which were he ld  i n  i n s u l a t e d  con ta ine r s .  

Rosin recognized t h e  importance of moisture and o f  humidity 

c o n t r o l ,  al though it i s  not c l e a r  t o  what e x t e n t  humidity was 
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c o n t r o l l e d  i n  t h e  g a s e s  passed over  t h e  semi-coke. He concluded 

t h a t  moist, semi-coke absorbs more oxygen than  dry  semi-coke, 

and t h a t  i t  i s  more l i a b l e  t o  spontaneous combustion. Also, 

t h a t  semi-coke is  an a c t i v a t e d  carbon conta in ing  unsa tura ted  

compounds which absorb oxygen and t h a t  t h e  absorp t ion  r a i s e s  

t h e  temperature o f  t h e  semi-coke t o  a temperature  of  dangerous 

o x i d a t i o n ,  which f i n a l l y  r e s u l t s  i n  combustion. Based on t h e  

work o f  o t h e r s ,  he concluded the hea t  o f  wet t ing  is s u f f i c i e n t  

t o  r a i s e  t h e  temperature  o f  semi-coke t o  t h e  temperature  o f  

dangerous oxidat  ion.  

The use o f  D. T. A. f o r  c l a s s i f y i n g  c o a l s  on t h e  b a s i s  of 

t h e i r  s e l f - h e a t i n g  c h a r a c t e r i s t i c s  was f u l l y  i n v e s t i g a t e d  by 

Banerjee and C h a k r a ~ o r t y ( ~ 1 .  

The present  paper  is concerned with the  measurement of  the  

s e l f - h e a t i n g  r a t e s  o f  carbonaceous m a t e r i a l s  when exposed t o  a 

stream o f  n i t r o g e n ,  oxygen o r  CO2 w i t h  c o n t r o l l e d  humidity. 

EXPERIMENTAL WORK 

Descript ion o f  Apparatus 

In  designing t h e  equipment t h e  o b j e c t i v e  was t o  provide 

simple appara tus  s u f f i c i e n t l y  w e l l  i n s u l a t e d  so t h a t  t h e  r a t h e r  

small  hea t  o f  a b s o r p t i o n  o r  r e a c t i o n  could be followed by t h e  

r i se  i n  temperature  o f  t h e  carbonaceous m a t e r i a l  under t es t .  

I t  was d e s i r e d  t o  accomplish t h i s  without  t h e  n e c e s s i t y  o f  having 

the ambient temperature  c l o s e l y  fol low t h e  temperature  r ise  of 

t h e  sample, and without  t h e  n e c e s s i t y  o f  us ing  a very l a r g e  sample. 
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A ske tch  o f  t h e  appara tus  is shown i n  Figure 1. I t  c o n s i s t s  

o f  a one-quart ,  wide mouth Dewar f l a s k  i n  an oven which may be 

held a t  cons t an t  tempera ture .  

carbon d iox ide ,  were suppl ied  from tanks a n d  t h e  flow measured 

The gases ,  n i t r o g e n ,  oxygen o r  

with a ro tameter  a t  room temperature,  

a f l a s k  f i l l e d  with water,  f i t t e d  with an e lectr ic  h e a t e r  i n  

which t h e  gas  was d i spe r sed  by means of a f r i t t e d  d i s c  and 

allowed t o  rise through t h e  water so as t o  s a t u r a t e  it. 

The gas  then  flowed t o  

Heat i npu t  was au tomat i ca l ly  c o n t r o l l e d  by t h e  water 

temperature.  The water s a t u r a t e d  gas then  flowed through a 

c o i l  conta ined  wi th in  t h e  temperature c o n t r o l l e d  oven j u s t  

ahead o f  t h e  Dewar f l a s k .  The tempera ture  o f  t h e  gas  was 

measured j u s t  p r i o r  t o  i t s  en t r ance  i n t o  t h e  Dewar f l a s k ,  

using a thermocouple. A thermocouple was a l s o  mounted 

approximately one inch from the bottom o f  t h e  sample conta ined  

i n  the Dewar f l a s k .  The s t e e l  t ube  which supp l i ed  t h e  gas  

stream t o  t h e  Dewar f l a s k  was f i t t e d  wi th  a p e r f o r a t e d  p l a t fo rm 

a t  i t s  base which c l o s e l y  f i t t e d  t h e  i n s i d e  d iameter  of t h e  

Dewar f l a s k .  The sample was p laced  on t h e  p l a t fo rm which 

provided d i s t r i b u t i o n  o f  t h e  gas. 

In  e a r l y  tests some d i f f i c u l t y  was encounfered i n  ob ta in -  

i ng  s a t i s f a c t o r y  Dewar f l a s k s  due t o  i n s u f f i c i e n t  i n s u l a t i o n .  

P r i o r  t o  p lac ing  a D e w a r  f l a s k  i n  use,  i t s  behavior  w a s  checked 

using a s tandard  sample. I t  was found t h a t  heavy wal led  Pyrex 

Dewars were b e s t . f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  as they  

provided maximum i n s u l a t i o n .  

The s i l v e r e d  Dewars used were 70 mm. I. D., 90 mm 0. D., 

250 mm. deep and conta ined  no s e p a r a t i o n  pads a t  t h e  base. 

evacuat ion  was approximately 1x10'7 mm. of mercury. 

The  
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Sample Prepara t ion  

The a s - r ece ived  semi-calcined petroleum coke was c a r e f u l l y  

crushed t o  produce a maximum of -3 on 1 4  mesh p a r t i c l e s .  

o r d e r  t o  s t anda rd ize  test cond i t ions ,  t h e  ma jo r i ty  o f  t h e  t e s t s  

were made using coke samples which were a i r - d r i e d  a t  220°F. 

Vacuum drying and drying i n  an i n e r t  atmosphere were i n v e s t i g a t e d .  

The temperature r i s e  and the shape of t h e  temperature versus  time 

curve were wi th in  t h e  l i m i t  of r e p r o d u c i b i l i t y  of t h e  t e s t  regard-  

l e s s  of t h e  method of drying. 

The -3 on 1 4  mesh s ize  f r a c t i o n  was a l s o  used f o r  a l l  o t h e r  

In  

raw m a t e r i a l s  t e s t e d .  I 

Test Procedure 

Due t o  t h e  extremely low r a t e  of hea t  t r a n s f e r  between the 
I oven and the  sample conta ined  i n  t h e  Dewar, i t  w a s  necessary  

t o  charge t h e  sample a t  approximately 150°F. Dried samples a t  

220'F were allowed t o  cool  t o  approximately 150°F and then 

charged t o  t h e  Dewar. A 600 g. sample was used. The tempera- 

t u r e  of t h e  sample was then a d j u s t e d  t o  150°F by pass ing  dry 

n i t rogen  g a s  through t o  e i t h e r  cool  o r  hea t  t h e  sample. 

I 
I 
I 
I 

I To 

I make c e r t a i n  t h e  system was i n  equ i l ib r ium,  it was he ld  f o r  

a t  l e a s t  t e n  minutes a t  150°F p r i o r  t o  s t a r t i n g  a run. The 

d e s i r e d  gas was then  passed through the sample a t  a c o n t r o l l e d  

flow r a t e ,  u s u a l l y  0.5 cu.f t . /hr .  and was s a t u r a t e d  with water 

a t  150°F, i f  des i r ed .  The furnace tempera ture ,  i n l e t  gas 

temperature ,  and temperature of t h e  sample a t  a p o i n t  one inch , 
I 

above t h e  bottom of t h e  sample were recorded,  versus  t i m e .  
I 
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RESULTS AND DISCUSSION 

\ -  

In  Figure 2 i s  shown a graph f o r  a number of  runs conducted 

on a sample of  semi-ca lc ined  petroleum coke. A l l  runs  were made 

wi th  r e p r e s e n t a t i v e  p o r t i o n s  of t he  same sample of  coke. Curves 

1, 2 and 3 were runs i n  t r i p l i c a t e  made wi th  oxygen, Curve 4 was 

a run made wi th  n i t r o g e n  and Curves 5 and 6 dup l i ca t e  runs made 

wi th  C o t .  In  a l l  runs  the  gases  were a t  150'F and s a t u r a t e d  

wi th  water vapor. The agreement between dup l i ca t e  runs i s  q u i t e  

good and demonstrates t h e  r e p r o d u c i b i l i t y  o f  t h e  t e s t  procedure,  

We may a t t r i b u t e  t h e  d i f f e rence  between t h e  temperature  versus  

time r e l a t i o n s h i p  of  Curves 1, 2 and 3 versus  the  curves  f o r  

t h e  runs with n i t r o g e n  and CO2 t o  t h e  presence of oxygen versus  

n i t r o g e n  o r  C 0 2 .  There is a d e f i n i t e  i nc rease  i n  the  maximum 

temperature  obta ined  o f  about 12OF when oxygen i s  used r a t h e r  

than  the  more i n e r t  gases .  The shape of  t h e  curves a f t e r  t h e  

peak temperature  has  occurred  is of  i n t e r e s t .  With oxygen 

t h e r e  is  a tendency f o r  t h e  temperature  t o  be sus t a ined  f o r  

a longer  per iod of  time i n d i c a t i n g  t h a t  t h e  oxygen cont inues  

t o  be absorbed o r  t o  r e a c t ,  l i b e r a t i n g  h e a t ,  while with n i t rogen  

o r  C O 2 ,  a f t e r  t h e  peak i s  reached,  t h e r e  i s  a much sha rpe r  

decrease  i n  temperature  wi th  r e spec t  t o  time. These d a t a  

i n d i c a t e  t h a t  t h e  tempera ture  rise due t o  absorp t ion  o f  water  

vapor is about 33'F, while t h a t  due t o  02 i s  about 12OF. 

Curve 7 i s  f o r  a run us ing  d ry  oxygen a t  ISOOF. The maximum 

temperature  a t t a i n e d  was w e l l  below that  o f  any o f  t h e  curves  

made wi th  s a t u r a t e d  gases  and i n d i c a t e s  t h a t  t h e r e  is l i t t l e  

o r  no r e a c t i o n  o r  abso rp t ion  of  oxygen in t h e  absence of moisture.  
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The importance o f  t h e  r o l e  o f  water  i n  t h e  s e l f - h e a t i n g  

of carbonaceous m a t e r i a l s  is  shown more s t r i k i n g l y  i n  Figure 

3 i n  which t h e  sample was d r y  raw l i g n i t e .  A l l  runs were 

made with the g a s  s t r eam a t  150°F. Curve 1 was made with 

oxygen s a t u r a t e d  w i t h  water vapor,  Curve 2 and 3 with n i t r o g e n  

s a t u r a t e d  with water  vapor and Curve 4 with dry oxygen. 

d ry  oxygen t h e  maximum temperature r i s e  was 18'F, with s a t u r a t e d  

n i t r o g e n  48°F and wi th  s a t u r a t e d  oxygen the  sample i g n i t e d  

spontaneously i n  l e s s  t han  5 hours. 

With 

A l l  runs of Figure 4 were conducted using r e p r e s e n t a t i v e  

p o r t i o n s  of a sample of semi-calcined petroleum coke, I n  runs  

1, 2 and 3,  t h e  g a s  was oxygen s a t u r a t e d  with water vapor a t  

150°F; i n  run 4 ,  it was n i t r o g e n  s a t u r a t e d  with water vapor. 

The combination o f  d r y  coke exposed t o  s a t u r a t e d  oxygen gave 

a temperature r ise  of about 4S°F i n  5 hours ,  and a s  expected, 

moisture  a d d i t i o n  t o  t h e  coke lowered t h e  temperature r i s e  

i n  an atmosphere of s a t u r a t e d  oxygen. 

s a t u r a t e d  n i t r o g e n  and coke con ta in ing  4.5% water,  t h e r e  was 

no measurable temperature  rise. 

I n  run 4 made with 

From the  runs of Figure 2 t h e  c o n t r i b u t i o n  of 02 and water 

vapor t o  t h e  temperature  r ise  of semi-calcined petroleum coke 

was e s t ima ted  based on t h e  d i f f e r e n c e  between the  t o t a l  r ise 

wi th  s a t u r a t e d  02 and t h a t  w i t h  s a t u r a t e d  N2 using dry  coke. 

Th i s  amounted t o  12°F. 

4 ,  t h e  coke was s a t u r a t e d  wi th  water and t h e  temperature rise 

due t o  02 measured d i r e c t l y .  

I n  t h e  experiments presented i n  Figure 

Th i s  amounted t o  about 14OF, 
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while the r i s e  due t o  water vapor by d i f f e r e n c e  amounted t o  

31°F. These are in  good agreement wi th  the  estimates from 

Figure 2. 

In F i g u r e  5 a r e  shown temperature versus  time curves f o r  

a v a r i e t y  of carbonaceous m a t e r i a l s  sub jec t ed  t o  a s t ream of 

oxygen a t  150°F s a t u r a t e d  wi th  water vapor. 

of t h e  curves it i s  apparent  t h a t  l i g n i t e ,  which can be s t o r e d  

w i t h  s a f e t y  only under water ,  shows t h e  g r e a t e s t  tendency f o r  

From an examination 

s e l f - h e a t i n g  i n  the  tes t  appara tus  and a c t u a l l y  i g n i t e s  

spontaneously i n  l e s s  than f i v e  hours.  The nex t  most a c t i v e  

m a t e r i a l  is semi-ca lc ined  petroleum coke, which shows a maximum 

temperature r ise of about 4S°F i n  f i v e  hours. 

enough t h i s  m a t e r i a l  e x h i b i t s  a g r e a t e r  temperature r i s e  than 

a commercial grade of a c t i v a t e d  carbon which shows a temperature 

S u r p r i s i n g l y  

r i s e  of about 33'F. Below t h i s  i n  decreas ing  o r d e r  of tempera- 

t u r e  r i s e  a re :  a medium v o l a t i l e  (27%) bituminous c o a l ,  a low 

v o l a t i l e  (17%) c o a l ,  raw petroleum coke with a v o l a t i l e  ma t t e r  

content  of 12%,  and f i n a l l y  ca l c ined  petroleum coke which 

e x h i b i t s  no temperature r i s e  under t h e s e  condi t ions.  The 

results of Figure 5 a r e  i n  good agreement wi th  t h e  known 

behavior of t h e  va r ious  carbonaceous materials upon s t o r a g e  

i n  t h e  f i e l d ( 5 ) .  

The behavior of t h e  a c t i v a t e d  carbon is  of course an 

exception. 

r ise i n  t h i s  t es t ,  it is  not  s u b j e c t  t o  spontaneous combustion; 

This  i s  due t o  the  f a c t  t h a t  i t  i s  wel l  d e v o l a t i l i z e d  and does 

not contain an apprec iab le  amount of hydrocarbons which a r e  

Although it e x h i b i t s  a . r a t h e r  high temperature 
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a v a i l a b l e  f o r  combination wi th  oxygen a t  temperatures i n  the  

range from about 300°F t o  i t s  i g n i t i o n  po in t .  Thus, i t  is 

be l ieved  t h a t  when t h i s  tes t  wi th  oxygen a t  150°F s a t u r a t e d  

with water vapor is app l i ed  t o  m a t e r i a l s  which a r e  capable  

of combining wi th  oxygen i n  t h e  temperature r a n g e  o f  300°F 

t o  t h e i r  i g n i t i o n  tempera ture ,  it provides  a good measure 

o f  t h e  l i a b i l i t y  of t h e  m a t e r i a l  t o  spontaneous i g n i t i o n .  

SUMMARY AND CONCLUSIONS 

A simple procedure f o r  t he  de te rmina t ion  of the  s e l f -  

hea t ing  r a t e s  of va r ious  carbonaceous m a t e r i a l s  has been 

developed. For t h o s e  m a t e r i a l s  which con ta in  s u f f i c i e n t  

hydrocarbons t o  combine wi th  oxygen a t  300°F and thus i g n i t e  

a t  r e l a t i v e l y  low tempera tures ,  t h e  maximum temperature rise 

determined i n  t h i s  test  c o r r e l a t e s  with t h e  l i a b i l i t y  t o  

spontaneous i g n i t i o n  i n  t h e  f i e l d .  I n  a completely d ry  

system t h e r e  is no s e r i o u s  s e l f - h e a t i n g  evident  f o r  any 

of the  m a t e r i a l s  t e s t e d ,  even i n  pure oxygen. The abso rp t ion  

o f  water vapor by t h e  dry carbonaceous ma te r i a l  p rovides  t h e  

major hea t ing  e f f e c t  i n  t h e  temperature range from 150°F t o  

about 190°F. This  temperature r i s e  w i l l  occur even though 

t h e  moisture be c a r r i e d  by an i n e r t  gas such as n i t rogen  or 

COz.  

t h a t  i f  oxygen is used, a h ighe r  temperature r ise o f  approximately 

1 4 O F  occurs  due to abso rp t ion  o r  r e a c t i o n  o f  t he  oxygen i n  t h e  

presence of moisture.  

With semi-ca lc ined  petroleum coke it has been demonstrated 
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The importance of  moisture  is b e s t  i l l u s t r a t e d  by t h e  

behavior of raw l i g n i t e  which i n  dry oxygen a t  150°F shows 

a temperature  r ise  of on ly  lS°F i n  about 5 hours.  However, 

i f  t h e  oxygen i s  s a t u r a t e d  w i t h  water  vapor a t  150°F, t h e  

r a t e  o f  temperature  r i s e  i s  of  t h e  o r d e r  o f  t e n f o l d  g r e a t e r ,  

and t h e  l i g n i t e  i g n i t e s  i n  l e s s  than 5 hours.  Of a l l  o f  t h e  

carbonaceous m a t e r i a l s  i n v e s t i g a t e d ,  raw l i g n i t e  shows t h e  

g r e a t e s t  temperature r i se  i n  oxygen s a t u r a t e d  with water  

vapor a t  150'F. The n e x t  most r e a c t i v e  m a t e r i a l  was semi- 

c a l c i n e d  petroleum coke which i s  more a c t i v e  than a n y  o f  

t h e  bituminous c o a l s  t e s t e d ,  and i n  agreement with f i e l d  

exper ience  with t h i s  m a t e r i a l  where cons iderable  d i f f i c u l t y  

i s  encountered with spontaneous i g n i t i o n  unless  g r e a t  c a r e  

i s  exerc ised  t o  i n s u r e  proper  cool ing  p r i o r  t o  s t o r a g e  and 

t o  exclude t h e  access  o f  a i r  i n s o f a r  a s  p o s s i b l e .  
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